Frontotemporal dementia (FTD) is a neurodegenerative disease and next to Alzheimer's disease and vascular dementia, the third most common cause of early-onset progressive dementia. FTD leads to neurodegeneration in the frontal and temporal neocortex and usually encompasses both sides of the frontal and anterior temporal lobes. Psychologically, FTD is characterized by personality changes such as lack of insight, inappropriate behaviour, disinhibition, apathy, executive disabilities and a decline in cognitive functions, with large clinical and neuropathological variations among cases. Neuropathological characteristics include gliosis or microvacuolation of cortical nerve cells. Inclusions staining for tau protein and/or ubiquitin are also common findings. Both sporadic and hereditary forms of FTD have been identified and 30-50% of the FTD cases have a familial background. So far, at least three genetic loci for FTD have been identified, at human chromosomes 3, 9 and 17 in familial forms of the disease. A large number of the familial forms have been linked to chromosome 17q21 and referred to as frontotemporal dementia and Parkinsonism linked to chromosome 17. In the majority of these families, pathogenic mutations in the tau gene were identified. However, tau mutations seem to be a rare cause of disease in the general FTD population. Thus, other genes and/or environmental factors are yet to be identified, which will give further clues to this complex and heterogeneous disorder.
Introduction
Much of what is known about frontotemporal lobar degeneration (FTLD) descends from the findings of Arnold Pick [1] in the early 1890s. Pick described a 71-yearold man who developed transcortical sensory aphasia within the context of dementia. Symptoms like aggressiveness, infantile behaviour and memory deficits had preceded the admission to the hospital by 2-3 years. At autopsy, the patient presented disproportionate atrophy of the left temporal lobe, apart from the superior temporal gyrus [1] . In the later examinations of Pick's tissue samples, another neuropathologist, Alois Alzheimer, observed swollen or 'ballooned' neurons, agrophilic and eosin-positive neuronal inclusions within frontal neurons in the absence of senile plaques and neurofibrillary tangles (NFT) [2] . Over time, the disease was referred to as Pick's disease (PiD) and the intraneuronal inclusions became known as Pick bodies. In the 1970s and 1980s, new diagnostic techniques revealed that frontotemporal degeneration also accounts for a variety of symptoms beside the language difficulties. In 1994, The Lund-Manchester group published the first clinical and neuropathological criteria for FTLD and adopted the clinical term 'frontotemporal dementia' (FTD) [3] .
FTD is a heterogeneous group of dementias, both regarding clinical and pathological aspects and the nomenclature is broad, controversial and sometimes confusing. During the last decade, great efforts have been made to aid in the classification of this heterogeneous group. In 1998, The Lund-Manchester group updated the FTD consensus criteria with an extended concept 'frontotemporal lobar degeneration', which, apart from FTD, PiD and dementia with motor neuron disease (FTD/MND), also included progressive non-fluent aphasia and semantic dementia [4] . In this review, the term FTD will be used according to the first Lund-Manchester criteria.
Clinical and Neuropathological Features of FTD
FTD encompasses approximately 15-20% of the degenerative dementias and the onset is insidious, usually occurring between the ages of 45 and 65 years [5] . The incidence between the sexes is even. The most striking symptoms of FTD are behavioural and personality changes. Depending on the distribution of the pathology within the frontal and temporal lobes, there are three major FTD behavioural subtypes: the disinhibited type, the apathetic type and the dysexecutive type. Anatomically, the disinhibited type is connected with neurodegeneration of the orbitofrontal and anterior temporal neocortex; the apathetic type is associated with atrophy in the medial frontal-anterior cingulate region and the dysexecutive type is correlated with degeneration of the dorsolateral prefrontal. The disinhibited type is characterized by personality change, impulsivity, irritability, lability and socially inappropriate behaviour. The apathetic type lacks initiative and is emotionally indifferent, while the dysexecutive type has problems with planning, self-direction and ability to shift and maintain behavioural sets [6] . Admixtures between these types are common due to variations in the regional localisation of atrophy. Furthermore, patients often have word finding difficulties where speech is nonspontaneous, economical and often stereotyped. Progressive reduction in speech usually leads to mutism after several years of disease. Orientation in time and space, visuospatial skills and memory initially remain intact, but deteriorate with progression of the disease [7, 8] . Due to the degeneration of extrapyramidal neurons, parkinsonian signs may also be present, sometimes already from the onset of the disease. Parkinsonism involves bradykinesia, postural instability and rigidity without resting tremor. Some FTD patients also develop MND consistent with the diagnosis of amyotrophic lateral sclerosis (ALS).
Neuropathological features of FTD include neuronal degeneration in the frontal and temporal cortices, sometimes with subcortical changes, basal ganglia atrophy and depigmentation of the substantia nigra. Neurodegeneration usually encompasses both sides of the frontal and anterior temporal lobes symmetrically but can also appear asymmetrically in the hemispheric or predominantly temporal lobe. Furthermore, ballooned neurons are often observed. Due to histological differences, FTD can be further classified into three major subtypes [9] . The most common type (frontal lobar degeneration type) includes microvacuolation of the superficial neurons and spongiform changes. The second type (Pick type) is mainly characterized by widespread and abundant gliosis, in addition to swollen neurons and inclusion bodies in regions such as dentate gyrus. In the third form (MND type), patients suffer from MND in combination with pathology noticed in other subtypes. Classification into one of these subtypes is sometimes difficult when typical differentiating features are not always present. The evolving nomenclature as well as personal, regional and national preferences for specific diagnostic terms make the classification even cloudier.
FTD Inclusions
Neuronal inclusions are a common feature of most neurodegenerative disorders, which in familial forms often contain accumulations of fibrillar products of the defected gene causing the disease. To add even more complexity to the heterogeneous picture of FTD, there are at least three different types of intracellular inclusions identified in both neuronal and glial cells. These inclusions can be immunoreactive to the microtubule-associated protein tau, like NFTs and pick bodies or to ubiquitin [10] [11] [12] . Recently, inclusions staining for neurofilament were reported in cases with FTD/MND [13] . Tau inclusions seem to be the most abundant, as approximately 40% of the FTD cases (including the PiD subgroup) have cellular inclusions that stain positive for hyperphosphorylated forms of tau. However, there are large variations in quantity and characteristics [10, 14] .
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Tau Pathology in FTD and Other Tauopathies
Inclusions staining for hyperphosphorylated tau protein are not only characteristic for FTD, but are also identified in other neurodegenerative disorders such as Alzheimer's disease, progressive supranuclear palsy (PSP), corticobasal degeneration, ALS-Parkinsondementia complex of Guam and prion diseases [15] [16] [17] [18] [19] . Due to the extensive pathology with filamentous aggregates of hyperphosphorylated tau, these syndromes are classified as tauopathies. Ultrastructurally, NFTs consist of paired helical filaments as a major fibrous component and straight filaments as a minor component. However, there are variations among the different tauopathies regarding the different tau species aggregated into NFTs causing differences in filament type and pattern of sarcosyl-insoluble tau.
The function of 'healthy' tau is to promote tubulin polymerisation and stabilisation of microtubules, which is important for axonal transport and cell polarity [20] . Tau is abundant in both the central and peripheral nervous systems, but has also been found in the heart, muscle, lung, testis, and skin [21, 22] . The protein is encoded by a single gene, consisting of 16 exons which are located to chromosome 17q21 [23, 24] (fig. 1 ). Of these, exons 4A, 6 and 8 are mainly expressed in the peripheral nervous system and generate the longest tau isoforms known as 'big tau'. Exons 2, 3 and 10 undergo developmentally regulated alternative splicing, resulting in 6 isoforms ranging from 352 to 441 amino acids [25] (fig. 1) . At the C-terminal domain of the tau protein, microtubule-binding domains are located [25, 26] . These domains represent the 3 (3R) or 4 (4R) imperfect tandem repeats, generated due to alternative splicing of exon 10 ( fig. 2) . At the N-terminal, alternative splicing of exons 2 and 3 results in no, one or two 29-to 31-amino acid inserted sequences ( fig. 2) . Tau is post-translationally modified by phosphorylation in a dynamic process regulated by protein kinases and phosphatases during development. Foetal tau is extensively phosphorylated as compared to adult tau [27, 28] . Up to date, at least 22 phosphorylation sites of the tau protein have been described [29] . Many of these sites are serine or threonine residues that are immediately followed by proline residues. Examples of kinases that have been shown to phosphorylate tau in vivo and in vitro are glycogen synthase kinase-3, cyclin-dependent kinase 5 and mitogenactivated protein kinases [30] . Tau hyperphosphorylation seems to be a pathological event and does no occur in the healthy adult brain. Hyperphosphorylated tau becomes longer and stiffer compared to normal tau, which could promote fibrillization of the protein [31] .
Genetic Features of FTD
FTD occurs as a sporadic disease without a family history of dementia. However, a positive family history with an autosomal dominant pattern of inheritance has been shown in 30-50% of all FTD cases [32, 33] . FTD seems to be heterogeneous also regarding the genetic background as at least three genomic regions have been associated with the disease. In 1994, the first paper was published when linkage to chromosome 17q21-22 was reported in a large pedigree with the disinhibition-dementia-parkinsonism-amyotrophy complex [34] . Subsequently, more familial forms with a large variety of clinical and pathological symptoms were linked to this region on chromosome 17, suggesting the same disease locus. At a consensus meeting in Ann Arbor in 1996, those variable familial forms were given the name frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) [35] .
FTDP-17 and Tau Mutations
In 1998, it was demonstrated that the causative gene for the majority of FTDP-17 families was the tau gene [36] [37] [38] [39] . To date, more than 30 tau mutations have been found in FTD pedigrees from all over the world (http:// www.alzforum.org/res/com/mut/tau/table1.asp). According to the functional effect of the mutations, they can be divided into two major subtypes: missense mutations in exons 9, 10, 11, 12 and 13, coding for the microtubuleassociated regions of the tau gene, and mutations affecting the alternative splicing of exon 10 [for a review, see ref. 40] .
The location and subtype of the tau mutations appear to determine the nature of tau pathology, which to some extent could explain the large heterogeneity among FTD cases. While mutations within and flanking exon 10 lead to filamentous neuronal and glial cell pathology, the missense mutations in other exons of the tau gene predominantly lead to neuronal pathology [41] . Furthermore, the exon 10 and 5)-splice mutations result in fibrils consisting predominantly of 4R tau, while the missense mutations in other microtubule-binding regions are associated with both 3R and 4R tau aggregates. The 3R and 4R tau isoforms have been reported to have both structural and functional differences between them [42] . The disturbed 3R/4R ratio caused by the splice mutations could thus have other pathogenic effects that could trigger apoptosis. It has been shown that 4R tau binds to microtubules with stronger affinity than 3R tau. Considering the shift in isoform expression during development, it is likely that 3R tau is expressed when plasticity is needed, while 4R tau has a stabilizing role. Overexpression of 4R tau early in the development or when regeneration of axons is needed could perhaps do enough damage to cause cellular dysfunction and cell death. The overexpression of 4R tau might also interfere with axonal transport, which could cause synaptic dysfunction and neurodegeneration.
Regarding the missense mutations, the majority are causing reduced affinity and binding to microtubules, which could lead to destabilization of the cytoskeleton and cellular disruption. Free unbound tau would then be available for hyperphosphorylation and aggregation as a secondary event. However, some of the missense mutations seem to have a direct effect on tau aggregation [43] . The gradual aggregation of tau filaments observed with all mutations could result in a toxic gain of function, impairing the normal mechanisms of the cells and resulting in premature neuronal loss.
Genetic Involvement of Tau in Other Tauopathies
The findings of tau mutations in FTDP-17 resulted in a renewed interest in molecular aspects of other tauopathies. Disorders like corticobasal degeneration and PSP, which are clinically characterized by akinesia, rigidity, occulomotor abnormalities and late-onset dementia have usually been considered as non-hereditary neurodegenerative tauopathies [17, 44] . However, both disorders were lately associated with certain tau polymorphisms [45] [46] [47] . Furthermore, a silent tau mutation (S305S) with a potential splicing effect and two new mutations in exon 1 (R5H and R5L) have been identified in families with PSP, which suggests a direct involvement of tau in PSP [48] [49] [50] . Another interesting example is the R406W mutation in exon 13, identified by us and others which causes a slowly progressive phenotype that initially resembles Alzheimer's disease [48] [49] [50] [51] [52] [53] . Taken together, these findings show evidence of pleiotropy of tau mutations and further indicate the importance of a broad perspective when analyzing for mutations in such complex heterogeneous disorders that are clinically overlapping with other syndromes [for a recent review, see ref . 54] .
Hereditary FTD without Tau Mutations
There are at least five FTDP-17 families in which the genetic defect is still unknown, as mutations in the tau gene were failed to be detected despite thorough investigations [38, [55] [56] [57] [58] . A common feature of these families is also the lack of tau-positive inclusions together with positive immunostaining for ubiquitin. We see at least three hypotheses to explain this. Either the disease in these families is caused by mutations in another gene than tau in the same region on chromosome 17 or mutations in the tau Froelich-Fabre/Skoglund/Ostojic/Kilander/ Lindau/Glaser/Basun/Lannfelt genes have been missed due to novel properties such as larger deletions or changes in promoter elements that have not yet been investigated. A third explanation would be that the chromosome 17 linkage data were false-positive for these pedigrees and that the true gene would be situated on another chromosome. In the Swedish tau-negative FTDP-17 family, we have made extensive investigations of the tau gene in addition to mutation screening of 6 other candidate genes on chromosome 17q21, however, with negative findings [59] . We can thus not yet fully exclude any of the suggested explanations.
Genetic linkage of familial FTD has also been reported to chromosome 3 in one Danish family although the causative mutation has not yet been identified [60] . Furthermore, in pedigrees with both FTD and ALS segregating, linkage was identified to chromosome 9q21-22 [61] . However, these regions have not been verified by other groups yet [62] .
Treatment and Future Perspectives
Today, limited treatment is available for neurodegenerative disorders such as FTD. There is evidence that treatment with selective serotonin reuptake inhibitors can be useful to reduce the behavioural changes like disinhibition, overeating and compulsions. However, no drugs with a positive effect on disease progress are yet available on the market. Thus, we see several important tasks to solve in future studies.
Considering the low frequencies of tau mutations in the general FTD population investigated by us and others [63] [64] [65] , other genetic factors, within and outside the chromosome 17q21 region, need to be investigated in order to identify the additional causes of FTDP-17 and FTD in general. Identification of genetic components that cause complex syndromes like FTD can give further clues to the pathological mechanisms causing neurodegeneration and lead to new targets for possible treatments. Genetic characterization is also important for classification of a complex heterogeneous disorder like FTD on a genetic, rather than a clinical and histopathological basis. Although extensive research in the field currently generates valuable clues to the unsolved puzzle of tauopathies, the mechanisms through which tau mutations cause neurodegeneration is not yet fully understood. It still remains to be found out whether it is the actual tau aggregates that are devastating for the cells or if these are just a secondary process with no pathogenic role. The new transgenic animal models available today will enable testing of these hypotheses and will provide useful tools for the development of novel and effective treatments of neurodegenerative disorders.
